Introduction
Reactor pressure vessel (RPV) has been built that was designed and constructed by SA508Gr3 forging and SA533B steel plates materials in most countries to date. PRV with an increasing trend in direction of large-scale and integrated development, it is difficult to ensure the homogeneity of microstructure and stability of performance of ultra-thick plate on the cross section. However, increasing the thickness of plates may cause a great problem for welding. Many researchers have tried to improve the mechanical properties of PRV material by controlling the chemical composition of conventional RPV steels. SA508Gr4 steel, as a new generation RPV steel, in which Ni, Cr contents is larger and Mn contents is lower than typical steels, may be a promising RPV material with higher strength and stronger resistance to irradiation embrittlement from its tempered martensitic microstructure. 1, 2) As a weak link in the RPV, the brittle fracture, creepdeformation, corrosion cracking, fatigue failure and etc. of welding heat affected zone (HAZ) may be the most important reason for leading to security incidents and failure. For SA508Gr4 alloy steel, the appearance of brittle cracks in the HAZ results in premature structure failure during extended service. Lee et al. 3) of Korea Institute of Science of Technol-
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KEY WORDS: finite element method; domain sizes of HAZ; thermal simulation; microstructural prediction. ogy (KIST) has a number of achievements in exploring the mechanical strength for SA508Gr4 steel, but experimental test alone can hardly predict about all properties on active service of welded joint. Now accurate predication can be realized for welding deformation, welding stress and welded joint microstructures by using finite element method (FEM), it also provides reference to prevent cracking or buckling, which is caused by local production internal structure damage. [4] [5] [6] It is necessary to study the effects of welding parameters on the quality of welding of SA508Gr4 steel in order to achieve the optimum weldability.
In this paper, FEM is used to establish the model of the double-V groove arc welding of SA508Gr4 steel to calculate the temperature field, of which applied the key parts of nuclear pressure vessel steel. The effects of the peak temperature t m and cooling rate t 8/5 (the welding thermal simulation cooling time between 800 and 500°C) of the thermal cycle on phase transformation are systematically investigated. Based on the above researches, the microstructure of HAZ for SA508Gr4 steel can be predicted by combining the Simulated HAZ continuous cooling transformation (SH-CCT) diagram with numerical simulation thermal cycle curves. The test flow chart is shown in Fig. 1. 
Welding Test and FEM

Experimental Material
The material used in this study is hot-rolled SA508Gr4
RPV steel, and the specific chemical components with different alloying element contents based on the composition range of American standard ASME spec. are given in Table  1 . SEM image of the base material is shown in Fig. 2 , the predominant microstructures are tempered martensite (TM) with embedded fine carbides. The M is formed along the austenite grain boundary and a large amount of Cr-C compounds dispersed due to the substrate with high Cr, which is coincided basically with the carbide microstructures mentioned in the literature. 7) Its hardness is up to 412 HV, the solidus temperature is measured by using STA449C machine: T L = 1 498.7°C, and critical temperatures are measured by using L78 Rita Quenching and Deformation Dilatometer (shown in Fig. 3 ): A c1 = 662.7°C, A c3 = 796°C.
Welding Preheating Temperature
In consideration of the effects of individual elements on steel hardening tendency, especially the role of the C, 8) the cold crack sensitivity is evaluated indirectly by calculating the carbon equivalent (CE), the formula of CE is employed to judge the hardening tendency that recommended by the IIW:
In general, CE≤0.4% is considered to meet the basic demands of weldability. The calculations value of CE is 1.023% according to Eq. (1) for the application of the RPV steel, which indicates that it is unable to suffice for the demands above mentioned. High hardening tendency and crack susceptibility of SA508Gr4 steel are the main factors that make it difficult to achieve good welds as welding thick plate. The welding process should be strictly controlled in arc welding.
Alloy elements of SA508Gr4 steel such as Mn, Ni, Mo in total content is about 7%, which belongs to the category of low carbon alloy steel, according to cold crack sensitivity index (P cm ) and cold-cracking susceptibility (P c ) formula: (4) where [H] stands for the content of hydrogen diffusion [H] = 2.0 ml/100 g, from their actual thickness σ to the reference thickness σ = 12 mm, T 0 is the preheating temperature for avoiding cold cracking. The calculations show that SA508Gr4 steel has high hardening tendency and cold-cracking susceptibility (P c = 0.407%) during welding with preheating temperature of 202°C or above as a large restraint.
Welding Process
The SA508Gr4 high-tensile steel plates with dimension of 300 × 100 × 12 mm are used in experiments, which the weld length is 100 mm at the approximate middle section of the plates. Manual arc welding tests are conducted on steel, and a butt joint configuration is used with the metal core of J857CrNi welding electrode as filler metal, their chemi- , determine the preheating temperature is 202°C based on the calculations of cold-cracking susceptibility, so is the lower inter-pass temperature. The welding thermal efficiency, denoted η, is assumed as 60%.
The thermal cycles of welding plates is performed by using XSR30 paperless recorder and Chromel-Alumel thermocouples whose withstanding temperatures as large as 1 200°C. The positioning of the thermocouples is decided close to the melted zone where large temperature gradients are expected.
Formulation and Grid Structure
The welding simulation has made a large progress in recent years. It allows the understanding of complex interactions during welding heating and cooling and thereby a more targeted optimization of the joint microstructure.
The simulation of welding process is conducted by ANSYS software. In simulation model, it is necessary that it has correct material properties. The weld material had the properties that before the temperature are lower than the steel melting point and its material properties are changed after temperature exceeded steel melting point. The thermophysical properties of SA508Gr4 alloy steel varying with temperature are shown in Fig. 4. 
11)
A full three-dimensional FEM of the specimen is developed and the necessary correlations are implemented to make the model as accurately as possible, Fig. 5 shows the initial grid employed for thermal analysis. A variable spacing grid system with a fine grid near the heat source and a course grid away from the heat source has been used for model the heat transferring. The computational domain consists of 85 380 elements, and the ambient temperature was set at 25°C. All of the materials are assumed to be isotropic and the filler metal has the same material properties as SA508Gr4 base metal. The course of stuffing, melting, freezing of metal in welding seam is simulated successfully with the birth-death element method, 12) and a body heat source model is used for simulating the welding heat source of the steel plate. The grids of each pass are divided into independent units, and they are defined as dead unit before welding. The units in weld zone are activated one by one during welding process.
Boundary conditions must be defined by including prescribed temperature (first type boundary condition) and prescribed convection heat transfer coefficient (third type boundary condition). The approximate solution of the nonlinear differential equation in thermodynamics of the each control volume within the domain is accomplished by a variational method and finite element method, the nonlinear three-dimensional transient heat conduct equation has the following form:
Where Q b stands for heat generation rate per unit volume, K x , K y , K z is the thermal conductivity in three directions for X, Y and Z, respectively. The method of Newton-Raphson is used in solving process that the convergent speed and computing precision are excellent.
14)
3. Simulation Results
Temperature Field
Welding simulation is in the same condition as experiments. Figures 6(a)-6(d) show the calculated temperature distribution of four stages during the welding process which are the steel plates after preheating, the first pass weld, the second pass weld and 5 000 s cooldown after welding. The corner regions with two-dimensional heat dissipation is fast, which leads to the corner regions temperature is slightly below the other regions, as shown in Fig. 6(a) . Quasi-steady state of temperature distribution is obtained after arc initiating. In Figs. 6(b), 6(c), a welding heat source, form and maintain oval-shaped temperature gradient. It is apparent that the symmetric temperature distribution observed at the weld center line to keep the maximum temperature above 2 352°C at first pass, the second pass above 2 229°C. An approximately uniform temperature field is provided after welding 5 000 s as shown in Fig. 6(d) . Figure 7 shows the transient temperature isopleths on the cross-section of welding heat source. For the case of the model, the temperature of line E and D is above T L , while assumed as the welding heat source, and line A, B, C assumed as the temperature isopleths of the base metal. The arc welding pool with ideal shapes is obtained, and the predicted ones are presented. The temperature gradient is not as large as heating during cooling, and approximating range of temperature profile exhibits clearly which represents liquid-solid phase transformation. It follows the laws of heat transfer that the magnitude of temperature change depends on the distance from the welding line.
15)
Analysis and Validation of Thermal Process
The distribution of measuring locations is shown in Fig.  8. Figures 9(a) and 9(b) presents the validation of numerical model based on comparison between experimental and simulation thermal cycles at two different positions associated to thermocouples location 3 and 4 in Fig. 8 . The peak temperature of simulation results are both higher than the experimental results. The reason for the difference may be the neglect of the influence of fluid motion on heat transfer mechanism. The difference between peak temperature values is less than 9.5% for location 3 and 2% for location 4. On the other hand, the cooling rate t 8/5 of numerical is 15.7 s for location 3, experiment is 14.5 s, an 8.3% difference. Similarly, the mean relative deviations of numerical and experiment are less than 10% for location 4. Therefore, the whole evolution trend of experimental temperature agrees approximately with that of calculated temperature, and the presented model and conclusion are proved to be correct.
The thermal cycles are predicted at a particular position corresponding to location 1 and 2 in Fig. 8 , which are located on the surface of welding passes. Figure 9(c) shows the calculated results of welding thermal cycle at location 1 and location 2. The metal is heated to T m = 2 390°C at a rate of 287°C/s at location 2, which stayed in high temperature area (t H above 1 100°C) for 9.13 s and subsequence cooled to 800°C at a rate of 147°C/s, eventually to 500°C under a cooling time for 14.5 s. Due to the rapid heating and cooling rates applied in the welding process, the materials of these positions undergo a non-equilibrium phase transformation. It is reheated to 592°C same as temper process during the second pass coming. The locations where it is difficult to measure the welding thermal cycle on the path B in Fig. 8 
Microstructural Predictions and Analysis in HAZ
Predict the Extent of the HAZ
The extent of HAZ increasing with the heat input of the welding process is undertaken to evaluate the extent of the risk zones introduced earlier. The above content illustrates that the temperature appears two peaks. The second heat cycle is induced by rear pass and equal to post-heat action to the fore pass. Similarly, fore pass induces preheat action to the rear pass.
16) The double-peak character of arc welding temperature will improve weld microstructure and alleviate the cold crack. But the rear pass activity may cause abnormal grain growth to the fore pass in HAZ, so the last heat cycle is selected for study to avoid affecting the predicted microstructure. The HAZ of the steel with hardenability to be divided into two sub-regions: quenching HAZ region (Q-HAZ) and inter-critical HAZ region (IC-HAZ).
The widths of each phase are critical to predict damage evolution and failure after welding. Figure 10 shows the transverse transient temperature distribution on the surface of path A (in Fig. 8 ) during the second arc pass approaching by numerical simulation, which illustrates that the transient temperature is decreased significantly with distance increasing from welding heat source and the sizes of widths of HAZ is temperature-dependent. The fusion line is formed during the subsequent cooling from peak temperature (T m = 2 299°C) to the solidus temperature ( Fig. 10 point  a) and begins to calculate the domain sizes of HAZ. The outcome is that the domain sizes of Q-HAZ is 1 560 μm, which is approximately 77% of the total HAZ width, and the formation temperature range is from T L to A c3 (part ab); IC-HAZ with a narrow width of 450 μm in which peak temperature is between A c1 and A c3 (part bc), per region that put together to make up the total HAZ width of 2 010 μm. Above phenomenon can be explained as follows, firstly, the temperature gradient of the Q-HAZ of arc welding is bigger than that of IC-HAZ because of the distance from heat sources. Secondly, the total heat loss in IC-HAZ is lower because of thermal accumulation. The contours of the simulated result is in accordance with the HAZ micrograph of a mid-thickness plane shown in Fig. 11 , some evidence can be seen of edge-width in both IC-HAZ and fusion line. Hence if the number of node is enough in the HAZ, thermal history of microstructure in HAZ can be predicted by FEM in order to identify the range of HAZ microstructure.
Microstructure-property Prediction and Analysis in HAZ
The phase transformation temperatures of SA508Gr4 under rapid heating rates are measured by welding thermosimulated test (L78 Rita Quenching and Deformation Dilatometer). The Simulated HAZ continuous cooling transformation (SH-CCT) curves of SA508Gr4 steel are obtained, as indicated in Fig. 12 , and Table 2 can be referred for more detailed information. It can be roughly divided into martensite (M) and some bainite (B) transformation regions. The t 8/5 critical cooling time of the above two phase transition is 18 s and 520 s respectively.
The thermal cycle curves of five nodes on path A by the numerical simulation is shown in Fig. 13 where the peak temperature is below T L , by the name of A(I), A(II), A(III), A(IV) and A(V) from left to right. The distance from cen- ter to A(I) is 3.2 mm, which was given according to Fig.  10 (the distance from the center to T L ). The processes for microstructure-property prediction are as follow: Firstly, the HAZ is segmented into different regions. In Fig. 13 , the curve A(I), A(II) and A(III) belong to the Q-HAZ while A(IV) belongs to IC-HAZ and determined from independent peak temperature T m ; secondly, the measured t 8/5 between A(I) and A(III) is within 19.2-23 s; finally, the time is in the scope of t 8/5 between No.4 and No.6 according to the Table  2 , and is marked in SH-CCT where the phase transformation will take place (The shadow zone in Fig. 12 ). The microstructures of HAZ have been predicted to be M and M + B, and the microhardness fluctuates in the range between 429 HV and 432 HV. The microstructures of a welded joint are typical not uniform. Different areas of the steel will experience different thermal processes, which lead to the evolution of a more complex microstructure. The SEM micrographs of etched welded joint are explored in Fig. 14. A zoom-out view shows the separation between domains, allowing for the definition of a clear fusion line. Figure 14(a) is the typical SEM view of Q-HAZ and weld metal (WM) for second pass. The microstructures of WM contain interlaced needlelike structures in nearby Q-HAZ where to form martensite with a large number of lath bundles along austenite crystal boundary. The growth behavior of grain during arc welding is the function of temperature and time. The growth equation of austenite grain in HAZ is derived from the Arrhneoius formula 17) at equilibrium heated as follow:
where D 0 is the initial grain size in HAZ, D is the average grain size in HAZ, Q is the grain growth activation energy, T(t) is the equation of welding thermal cycle, n is exponential of grain growth processes (temperature dependent), K is constant and R is gas constant. Previous research has shown that [18] [19] [20] the peak temperature (T m in Fig. 13 ), the high temperatures residence times (t H in Fig. 13 ) and cooling rate (α in Fig. 13 ) in thermal cycle based on the R. Senal equation, 21) which has significantly effect on the grain size and mechanical properties. Numerical thermal cycle shows T m maximum at location A (I) as large as 1 480°C, in addition, t H = 4.8 s and t 8/5 = 19.2 s, the microstructure as shown in Fig. 14(b) . The microstructure of Q-HAZ close to the WM which include the new grain forms toward the crystal boundary and the initial grain growth. There is a significant tendency of grain growth at Q-HAZ as a consequence of the heat transfer in HAZ, and the grain size increased from 23 μm (base metal) to 100 μm. Figure 14(c) shows the microstructure of object tag in Fig. 14(b) . The quenched M is formed in the area of Q-HAZ due to a larger driving force for M when t 8/5 = 19.2 s. There are M-A constituents with a small size formed in the matrix of M, which consists of carbon-enriched, as indicated by the arrow shown. It does illustrate the time for atoms of C and other alloy elements to diffuse are not sufficient. M-A constituents, are usually regarded as crack initiators in the local brittle zone because of their higher hardness and brittleness compared with the matrix microstructure. The existence of M-A and a large width of Q-HAZ will lead to the toughness decrease. 22, 23) Therefore, the microstructure in this region is distributed more nonuniform than the other zones. Post weld heat treat- ment is suggested to be adopted for improving the property of HAZ. Figure 14(d) shows the microstructure approaching location A(III), which near the border of Q-HAZ and IC-HAZ. The peak temperature of the microstructure at A (III) is 872°C and the cooling t 8/5 is 23 s, indicating a slower cooling stage than A (I). The carbon atom in the austenite can linger for a long time and diffuse toward the area, but the time is not enough. The M and some B with embedded fine carbide are obtained, as indicated by the arrow shown. The carbide, including undissolved carbide in tempered martensite (the base metal) and new carbide precipitate is formed under slower cooling rate. B transformation belonged to diffusion transformation, it can be considered that the diffusion transformation is occurred with the average volume fraction of B is above 2% according to Table 2 and Fig. 14(d) . The microstructure of actual welded joint in Q-HAZ is M + B, which is in fair agreement with predicted result.
Conclusions
The microstructure of the HAZ of reactor pressure vessel SA508Gr4 steel is properly predicted by using numerical simulation with thermal simulation (SH-CCT) methods. The following conclusions are drawn based on the results of this study:
(1) The simulated values agree well with observed values of welding thermal cycle curve which show that the numerical model deviates by less 10%. This evidence supported by microstructural analysis in HAZ, thermal cycle curves analysis and domain sizes analysis of the welded joint.
(2) A good approximation of the domain sizes of HAZ is predicted at the heat input as large as 15-16 kJ/cm. At the centre area exposed to the heat source, the quenching HAZ region width is approximately 1 560 μm, while inter-critical HAZ region with a narrow width of 450 μm, per region that puts together to make up the total HAZ width of 2 010 μm.
(3) Predicted microstructure is martensite + a little bainite, and the microhardness between 429 HV and 432 HV in the quenching HAZ region. There is the M-A constituents with a small size formed in the matrix of M when t 8/5 = 19.2 s. The diffusion transformation with embedded fine carbide is occurred when t 8/5 = 23 s.
